We studied the horizontal branch oscillations (HBO) and the band-limited components observed in the power spectra of the transient neutron star low-mass X-ray binary XTE J1701-462 and the persistent "Sco-like" Z source GX 17+2.
Introduction
Low-frequency quasi-periodic oscillations (LFQPOs) have been detected in most neutron star low mass X-ray binaries (NS-LMXBs) and black hole low mass X-ray binaries (BH-LMXBs) (van der Klis 2006). Their centroid frequencies are typically ∼ 1 − 70 Hz for NS-LMXBs, while ∼ 0.01 − 30 Hz for BH-LMXBs. In LMXBs, the timing behavior has been shown to be strongly connected to the spectral properties (Hasinger & van der Klis version 6.12 . Only those data with elevation angle > 10
• , a pointing offset < 0.01 and South Atlantic Anomaly exclusion time of 30 min were selected for further analysis.
Type I X-ray bursts were identified and removed from the data. Background-subtracted light curves with 16 s time resolution were constructed from the "standard 2" mode, using data from Proportional Counter Unit (PCU) number 2 only, without dead-time correction.
For both XTE J1701-462 and GX 17+2, we defined two X-ray colors: a soft color (SC) and a hard color (HC), as the ratio of counts rates in the ∼ 4.5-7.4 keV/2.9-4.1 keV bands (PCA channels 10-17/6-9) and the ∼ 10.2-18.1 keV/7.8-9.8 keV bands (PCA channels 24-43/18-23) . Intensity was defined as count rate in the energy range ∼ 2.9-18.1 keV ( PCA channel 6-43). The small difference in the energy ranges caused by different epochs were ignored. The colors were used to produce color-color diagrams (CDs) and hardness-intensity diagrams (HIDs). For XTE J1701-462, we divided the data into four time intervals, while all observations of GX 17+2 were combined as one interval. Data selections are listed in Tab. 1: for XTE J1701-462, intervals A and B correspond to the Cyg-like stage and intervals C and D to the Sco-like stage. Interval E is that from GX 17+2. The HIDs of all these 5 intervals are plotted in Fig. 1 .
Timing analysis
Standard fast Fourier transform (FFT) techniques (van der Klis 1989; van der Klis 1995) were used to create power density spectra (PDS) from all active PCUs, adopting the rms normalisation from Belloni & Hasinger (1990) . High time resolution single-bit and event mode data were used to create PDS, without background-subtraction or dead-time correction. We studied the properties of LFQPOs (in this case, HBOs) and band-limited components by selecting box regions along the horizontal branch in the HID, accumulating what are known as Sz-resolved spectra. The boxes for each interval are shown in Fig. 1 : each box corresponds to > 1600 s of data. A rank number Sz was given for boxes to track their positions along Z track (Hasinger et al. 1990 ). We set the Sz of the HB/NB vertex as 1 and the leftmost point of the HB as 0, also marked in Fig. 1 . The Sz of other boxes are obtained by spline interpolation (Dieters & van der Klis 2000; Lin et al. 2012; Li et al. 2014 ).
For each box, PDS are accumulated from 16s segments and a time bin of 2 −8 s (yielding a frequency range 0.0625-128 Hz), then averaged to obtain a single PDS per box.
Since few photons are detected in very high energy bands, the channel range considered is 0-149, corresponding to energy range 2-67 keV. We fitted the PDS with a multi-Lorentzian function (Nowak 2000; Belloni et al. 2002) . PDS were plotted in representation of rms 2 times frequency (νP ν ). It takes three to four Lorentzians to fit each PDS: the low frequency noise (LFN, also as known as band-limited component), the HBO and its second and third harmonics. Fig. 2 shows a representative PDS of box 11 from interval A, with best fit Lorentzians. Each Lorentzian, whether used to fit a QPO or band-limited noise, yields three parameters: a centroid frequency (ν 0 ), a full width at half maximum (FWHM), and an integrated fractional rms. Then the characteristic frequency ν c for a particular component can be calculated by using ν c = ν 0 2 + (F W HM/2) 2 , as introduced by Belloni et al. (2002) . We will indicate the characteristic frequency of the HBO as ν HBO and that of the band-limited component as ν break .
In order to study the energy dependence of HBO and band-limited component, we further divided the PCA channel 0-149 interval into 6 sub-channels. between ∼ 2 Hz and ∼ 5 Hz. We also consider data from Wijnands & van der Klis (1999a) and Altamirano et al. (2012) . The corresponding WK correlation is shown in Fig. 3 
The shifted behavior of Z sources in the WK correlation
To study the shifted behavior of Z sources, we further plotted the second harmonic frequencies of HBOs (ν 2 ) for both sources in the WK correlation. We found that the points of ν 2 from XTE J1701-462 overlap with the points of ν HBO from GX 17+2 and typical Z sources. Furthermore, the points of ν 2 from GX 17+2 are distributed on the upper side of typical Z sources.
The PBK correlation of XTE J1701-462 and GX 17+2
We then tested our identification using the PBK relation using the lower kHz QPO frequency (ν low ) and ν HBO . We didn't measure the kHz QPO frequencies ourselves. Since Sanna et al. (2010) (2012), we simply used their data, which also listed in Tab. 4.
In Fig. 4 , we plot the PBK correlation using the data from Tab. 4, together with the data from Psaltis et al (1999) . The data of GX 17+2 are on the main relation, showing good consistency with atoll sources and part of BHCs. However, as can be seen in the inset of 1728-34).
3.4. The energy dependence of HBO and band-limited components in XTE
J1701-462
In order to test the hypothesis that the band-limited and HBO components have the same origin, we analysed the data from the 6 sub-channels (listed in Tab. 2, see above). In XTE J1701-462, 7 boxes (with 6 of them in Cyg-like stage and 1 in Sco-like stage) were selected out from 4 intervals, judging by the appearance of HBO signals in all 6 sub-channels.
We also investigated the energy dependence of the rms amplitude of the components (rms break and rms HBO ). When calculating the rms amplitude, we took into account the -10 -background contribution to convert power to rms amplitude. We neglected the background contribution for the total energy band since its effect is negligible, but considered its contribution for all the sub-channel bands. The formula is like rms = P S+B *
S+B S
, where S and B stand for source and background count rates, and P is the power normalized according to Leahy. We also considered the systematic uncertainty into background as introduced by Jahoda et al. (2006). The trends of rms break and rms HBO with energy are similar in both Cyg-like and Sco-like stages. Both rms break and rms HBO increase significantly with photon energy below ∼ 12 keV, and stay more or less constant after ∼ 12 keV. We used straight lines to fit the first 5 data points for both components, respectively. The fitting results are listed in Tab. 5, with errors given at 1σ level. R-squared represents the coefficient of determination, indicating how well the model fits the data. We found that the slopes for the break component (a1) are consistent with each other within the error (∼ 0.2) in all 7 sub-figures, while those for HBO component (a2) also have a same value (∼ 0.1) within the error. However, for GX 17+2, the detection significance of HBOs in 6 energy bands are not good enough to do the similar work as in XTE J1701-462. We could not give a comparative result in GX 17+2.
The Sz dependence of HBO and band-limited components in XTE J1701-462 and GX 17+2
In Fig. 6 To further investigate the correlations between HBO and break components in XTE J1701-462 and GX 17+2, we plot the relation between rms break and rms HBO in Fig. 7a .
It is interesting to notice that the points of the HB/NB vertex from XTE J1701-462 are distributed separately from those of the HB, with the points of GX 17+2 lying between them. To make the correlation more clear, we further rebinned the adjacent points in terms of ∆rms HBO < 0.5 to reduce errors, and plot the result in Fig. 7b .
We did not rebin the data of HB/NB vertex because there are only four of them. We used a power law to fit the data of GX 17+2 and J1701-462 separately (excluding the data of HB/NB vertex because of its different physical origin from HB (Lin et al.
2012)
). We obtained rms break = (6.69 ± 1.17) * rms HBO (0.46±0.04) for XTE J1701-462 and rms break = (5.18 ± 0.51) * rms HBO (0.17±0.09) for GX 17+2, with 1σ errors. The difference between the two power law indices is different from zero at 99.5% confidence level (2.8 sigma).
Discussion
We studied the HBOs and band-limited components observed in the transient NS-LMXB XTE J1701-462 and the persistent "Sco-like" Z source GX 17+2. Fig. 3 shows that the data points of XTE J1701-462 are on the main relation of WK schema, lying between atoll sources and the typical persistent Z sources (Cyg X-2, GX 5-1, GX 340+0, Sco X-1), without a significant shift. The data points of GX 17+2 are shifted from the main correlation, overlapping with data of the typical persistent Z sources extracted from Wijnands & van der Klis (1999a) . In addition, the data points of the second harmonics of the HBO from XTE J1701-462 overlap with the data of fundamental HBO frequency from GX 17+2. Fig. 4 shows that GX 17+2 is on the main PBK correlation, covering the data of typical persistent Z sources, while XTE J1701-462 lies between typical persistent Z sources and atoll sources. Both rms break and rms HBO increase with photon energy below ∼ 12 keV and drop above ∼ 12 keV in XTE J1701-462. Furthermore, both rms break and rms HBO decrease along HB in XTE J1701-462 and GX 17+2. We also found that rms break increases as a power law with rms HBO for both sources, only with different rates of increase.
WK/PBK implication in XTE J1701-462 and GX 17+2
XTE J1701-462 is on the main track of WK relation, together with BHCs, atoll sources, while GX 17+2 is shifted from main track like other persistent Z sources (Cyg X-2, GX 5-1, GX 340+0, Sco X-1 and earlier observation of GX 17+2). Wijnands & van der Klis (1999a) suggested that the HBOs observed in shifted Z sources are probably harmonic frequencies.
However, according to our results, the HBOs in GX 17+2 and XTE J1701-462 should be the same type of QPO since they have similar frequency and rms values. GX 17+2 is a persistent Sco-like Z source, which shows strong similarities in spectral properties with However, they lie on different tracks in the WK and PBK correlations, which makes the physical mechanism behind these correlations more mysterious.
The WK and PBK correlations between these X-ray sources show that the solid surface, the magnetosphere, obsorption along the line of sight do not affect these rapid variability components (Wijnands & van der Klis 1999a) . These similarities suggested that the basic frequencies of these systems probably have a same origin and are caused by a similar physical mechanism. Our results show that transient sources like XTE J1701-462, BHCs and 4U 1608-52 are on the main track, while persistent sources like typical Z sources and 4U 1728-34 are shifted from the main track. The persistent and transient sources probably have a similar physical mechanism in producing the basic frequencies, but the difference between these two systems may cause the shifted track in WK/PBK schema.
The role of accretion rateṁ and the L-T precession model
For a given source, mass and spin do not change significantly, and most likely only the mass accretion rate (ṁ) determines ν HBO and ν break . Extensive work has been done to study the spectral properties of GX 17+2 and XTE J1701-462 (Lin et al. 2012; Li et al. 2013; Lin et al. 2009 ). These authors suggested that the horizontal branches of both GX 17+2
and XTE J1701-462 be interpreted with the same process acting at constantṁ, namely an increase of Comptonization, while a changingṁ led to secular changes between subclasses.
Tab. 3 shows that ν HBO and ν break increase along HB in both sources at a constantṁ, which suggests the values of ν HBO and ν break may be independent withṁ, however, under the assumption of certain spectral models. Comptonization emission in the corona contributes to both break and HBO components in XTE J1701-462. These two components could be caused by the same kind of oscillation in a corona with uneven density, and they could be produced in different area of corona.
If break and HBO components come from different areas, they could differ in oscillation frequencies.
GX 17+2 and XTE J1701-462 are Z sources, and the spectral evolution in GX 17+2
was very similar to XTE J1701-462 in its Sco-like stage (Lin et al. 2012) . Our results in The proportion of comptonization component in Sco-like stage (GX 17+2) is higher than at the HB/NB vertex, which causes a lowest rms to take place at the HB/NB vertex. Thus, the three distinguishable tracks contributed by HB, GX 17+2 and HB/NB vertex could be caused by different proportions of Comptonization in the total flux.
The accretion disc instability model
The transient properties of some sources can be interpreted by the disc instability model (Jean-pierre Lasota 2001), which assumes the accretion disc gains mass from the mass donor at a constant mass transfer rate. The accretion rate is normally lower than the mass supply rate in the disc, thus mass is accumulated in the disc. When the accumulated mass exceeds a certain critical value, a sudden increase of accretion rate results in an outburst. By contrast, the persistent systems have a relatively stable accretion disc. The accretion disc tends to be more unstable in transient sources when they have an outburst, which would affect the oscillation in corona. This could be a reason why transient sources have a wider variation in ν HBO and ν break in WK/PBK schema if they are assumed to arise from different areas of corona. The persistent sources shifted from main track could be caused by the size of corona in persistent sources is different from transient sources. All these suggestions still need further study.
summary
In this article, we studied the HBOs and band-limited components observed in the unique transient Z source XTE J1701-462 and the persistent "Sco-like" Z source GX 17+2. Our results show that the WK/PBK main track forms a boundary which separates persistent sources from transient sources. The shifted Z track is probably not caused by by a misidentification of harmonics. The characteristic frequencies are independent of accretion rate in both GX 17+2 and XTE J1701-462, under the assumption of certain spectral models. We suggest that the HBO and break components from both sources probably come from a similar physical mechanism: Comptonization emission in the corona. These two components could be caused by same type of oscillation in corona with uneven density, and they could be produced in different area of corona. We suggest it is the different proportions Table 3 . Results from a multi-Lorentzian fitting for each box in Fig. 1 
